Hyperphosphorylated tau is the major component of paired helical filaments in neurofibrillary tangles found in Alzheimer's disease (AD) brains, and tau hyperphosphorylation is thought to be a critical event in the pathogenesis of the disease. The large majority of AD cases is late onset and sporadic in origin, with aging as the most important risk factor. Insulin resistance, impaired glucose tolerance, and diabetes mellitus (DM) are other common syndromes in the elderly also strongly age dependent, and there is evidence supporting a link between insulin dysfunction and AD. To investigate the possibility that insulin dysfunction might promote tau pathology, we induced insulin deficiency and caused DM in mice with streptozotocin (STZ). A mild hyperphosphorylation of tau could be detected 10, 20, and 30 d after STZ injection, and a massive hyperphosphorylation of tau was observed after 40 d. The robust hyperphosphorylation of tau was localized in the axons and neuropil, and prevented tau binding to microtubules. Neither mild nor massive tau phosphorylation induced tau aggregation. Body temperature of the STZ-treated mice did not differ from control animals during 30 d, but dropped significantly thereafter. No change in ␤-amyloid (A␤) precursor protein (APP), APP C-terminal fragments, or A␤ levels were observed in STZ-treated mice; however, cellular protein phosphatase 2A activity was significantly decreased. Together, these data indicate that insulin dysfunction induced abnormal tau hyperphosphorylation through two distinct mechanisms: one was consequent to hypothermia; the other was temperature-independent, inherent to insulin depletion, and probably caused by inhibition of phosphatase activity.
Introduction
Alzheimer's disease (AD) brains are characterized by extracellular aggregates of the ␤-amyloid peptide (A␤) (Glenner and Wong, 1984) , and intraneuronal neurofibrillary tangles (NFTs), composed of hyperphosphorylated tau protein assembled in paired helical filaments (PHFs) (Grundke-Iqbal et al., 1986) . Tau hyperphosphorylation can induce aggregation (Alonso et al., 2001; Sato et al., 2002) , and is thought to induce NFTs and neurodegeneration in AD . However, the causes of tau hyperphosphorylation in AD are not well understood.
Only a small proportion of AD is attributable to genetic variants, the large majority of cases is late onset and sporadic in origin. Aging is considered to be the most important risk factor for AD (Harman, 2002) . Other common syndromes in the elderly, diabetes mellitus (DM), impaired glucose tolerance, insulin resistance, and relative decrease of pancreas endocrine activity and insulin secretion, are also associated with aging (Lamberts et al., 1997) . Moreover, insulin signaling seems to be involved in the modulation of lifespan and brain aging (Cole and Frautschy, 2007) .
There is increasing evidence to support a link between AD and insulin dysfunction. Compared with age-matched controls, AD patients show reduced CSF insulin (Craft et al., 1998) , impaired insulin-like signal transduction (Frolich et al., 1999) , decreased brain insulin and insulin-like growth factor I expression and function (Rivera et al., 2005) , and reduced glucose metabolism (Mosconi, 2005) . From these observations, it was suggested that brain insulin signaling dysfunction and the possible consequent reduction in glucose metabolism are crucial in the genesis of AD (Meier-Ruge and Bertoni-Freddari, 1996; Salehi and Swaab, 1999; Heininger, 2000; Hoyer, 2000 Hoyer, , 2002 Gasparini et al., 2002; Watson and Craft, 2003) . Insulin dysfunction is a feature of DM, and, although AD and DM were first found to be strongly associated or mutually exclusive in a series of conflicting epidemiological studies (Finch and Cohen, 1997) , many longitudinal population-based studies detected higher AD incidences rates in diabetic patients (Biessels et al., 2006) . In addition, insulin can act as a neurotrophic and regulatory peptide in human brain, and is capable of modulating tau phosphorylation in neuronal cultures (Hong and Lee, 1997; Lesort et al., 1999; Lesort and Johnson, 2000) . Despite all these data, very little is known on the effects of insulin dysfunction on tau phosphorylation in vivo.
To investigate the role of insulin dysfunction on tau phosphorylation, we deprived the mice of insulin by injections of streptozotocin (STZ), which induces experimental DM by specifically destroying the pancreatic islets of Langerhans (Tjalve, 1983) . In contrast with many peripheral tissues, brain insulin binding and insulin receptors levels are not upregulated during experimental DM (Pacold and Blackard, 1979; Sechi et al., 1992; Pezzino et al., 1996) , which leads to lower brain insulin content (Figlewicz et al., 1983; Frank et al., 1986) . Our data indicate that insulin dysfunction induced by STZ results in tau hyperphosphorylation through two distinct mechanisms: one is consequent to hypothermia and induced by impaired glucose/energy metabolism; the other is temperature-independent, inherent to insulin deficiency, and induced by inhibition of Ser/Thr phosphatases activities.
Materials and Methods

Animals
C57BL/6NJcl adult mice of either sex (Clea, Tokyo, Japan) ranging from 3 to 6 months of age were used in these studies. Younger animals were avoided, because juvenile rodents tend to develop hypothermia very rapidly after injection of streptozotocin (Howarth et al., 2005) . Mice were maintained in a temperature-controlled room (ϳ23°C) with a 12 h light/ dark cycle, and experiments were performed during the light period. Animals were handled according to procedures approved by the Institutional Animal Care and Use Committee of the Institute of Physical and Chemical Research. The body temperature of the animals was monitored using a rectal probe (Thermalert TH-5; Physitemp, Clifton, NJ).
Streptozotocin injections, insulin pumps implantation, plasma glucose, and insulin quantification
Batches of four, nonfasted animals with food and water ad libitum were injected intraperitoneally with 200 mg/kg of STZ (Sigma, St. Louis, MO) freshly dissolved in 0.05 M citrate buffer, pH 4.5; control mice were injected with citrate buffer. STZ is used at various doses to induce experimental diabetes (Weber et al., 1984) , usually after a period of fasting, which was avoided here because fasting can induce tau hyperphosphorylation (Planel et al., 2001 ). The dose for our studies was specifically chosen to avoid induction of progressive diabetes mellitus (with normal serum insulin levels) that can occur in mice with lower doses. For example, one injection of 100 mg/kg can induce non-insulin-dependent DM, whereas one injection of 200 mg/kg induces insulin-dependent DM (Ito et al., 1999) . Brains were collected 10, 20, 30, or 40 d after injection, and analyzed as described below. To reverse the effect of STZ, 3 d after injection, mice were implanted with subcutaneous osmotic pumps delivering 0.75 U/d insulin (Humulin R; Eli Lilly, Indianapolis, IN) according to a protocol modified from Cuthbertson et al. (1988) . Pump implantation completely reversed diabetic symptoms in mice treated with a single intraperitoneal injection of 250 mg/kg of STZ (Cuthbertson et al., 1988) . Plasma glucose was determined using the mutarotase-glucose oxydase method according to the manufacturer's instructions (Autokit Glucose; Wako Pure Chemical, Osaka, Japan). Plasma insulin was determined using a sandwich enzyme immunoassay according to the manufacturer's instructions (mouse insulin kit; Shibayagi, Gunma, Japan).
Analysis of tau solubility
Mice were killed by cervical dislocation, brains were immediately removed, and tissues were dissected on ice. Hemispheres (hippocampus and neocortex) were quickly weighed, frozen on dry ice, and kept at Ϫ80°C. Tau solubility was analyzed by a modification of the protocol of Greenberg and Davies (1990) (Noble et al., 2005) . Briefly, frozen hemispheres were homogenized without thawing in 5ϫ (v/w) RIPA buffer (50 mM Tris-HCl, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM Na 3 VO 4 , 1 mM NaF, 1 g/ml aprotinin, leupeptin, and pepstatin) with a mechanical microhomogenizer (Physcotron NS-310E; Microtek, Chiba, Japan), and centrifuged at 20,000 ϫ g for 20 min at 4°C. An aliquot of the supernatant representing the total tau fraction was kept for analysis. The heat-stable, aggregate-free fraction was obtained by boiling another aliquot for 5 min and removing protein aggregates by spinning at 20,000 ϫ g for 20 min at 4°C. The rest of the supernatant was adjusted to 1% Sarkosyl (N-lauroylsarcosine), incubated for 30 min at room temperature with constant shaking, and centrifuged at 100,000 ϫ g for 1 h at 20°C. The pellet containing Sarkosylinsoluble aggregated tau was resuspended and analyzed by SDS-PAGE. Tau in the Sarkosyl pellet has been shown by immunoelectron microscopy to be filamentous , and it is synonymous with that identified by immunohistochemistry in NFTs. All three fractions were diluted in Oϩ buffer [62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 5% 2-mercaptoethanol, 2.3% SDS, 1 mM EGTA, 1 mM EDTA, 1 mM PMSF, 1 mM Na 3 VO 4 , 1 mM NaF, 10 l/ml protease inhibitor mixture P8340 (Sigma)], a modified O buffer (O'Farrell, 1975) , boiled for 3 min, and kept at Ϫ20°C.
Microtubule binding assay
The microtubule (MT)-binding assay was performed as described previously (Maas et al., 2000) , with a few modifications. Hemispheres were homogenized in 5ϫ (w/v) BRB80 (Brinkley Reassembly Buffer; 80 mM PIPES/KOH, pH 6.8, 1 mM EGTA, 1 mM MgCl 2 ) with protease and phosphatase inhibitors. Homogenates were incubated on ice for 15 min and centrifuged at 20,000 ϫ g for 20 min at 4°C. Supernatants were respun at 100,000 ϫ g for 1 h at 4°C. Equal amounts of protein lysate were used in each binding assay. High-speed supernatants were adjusted to 1 mM GTP and 10 M taxol and incubated with taxol-stabilized microtubules (30 M; Cytoskeleton, Denver, CO) in a final volume of 50 l for 10 min at 37°C. The mixtures were centrifuged through 100 l of 30% (w/v) sucrose cushions in BRB80 containing 1 mM GTP and 10 M taxol, at 100,000 ϫ g for 30 min at room temperature. The supernatant (MT-free fraction) was collected and diluted with Oϩ buffer, and the pellet (MTbound fraction) was resuspended in Oϩ buffer.
Protein extraction
Mice were killed by cervical dislocation, brains were immediately removed, and tissues were dissected on ice. Hemispheres (hippocampus and neocortex) were quickly weighed, frozen on dry ice, and maintained at Ϫ80°C until they were homogenized without thawing in 5ϫ (v/w) RIPA buffer with a mechanical microhomogenizer. Samples were then centrifuged for 20 min at 100,000 ϫ g at 4°C, diluted in Oϩ buffer, and boiled for 3 min. Depending on the antibody used, 7-14 g of protein were analyzed as described previously (Planel et al., 2001 ).
Antibodies
The anti-tau PHF-1 (phospho-Ser-396/404) monoclonal antibody was a generous gift from Dr. Peter Davies (Albert Einstein University, New York, NY). Total tau was detected with either Tau T57120 (monoclonal; BD Transduction Laboratories, San Jose, CA) or Tau A0024 (polyclonal; DakoCytomation, Carpinteria, CA). AT8 and AT180 (Pierce Biotechnology, Rockford, IL) reacts with tau phosphorylated at Ser-202 and Thr-205 (Goedert et al., 1995) , and tau phosphorylated at Thr-231 (Goedert et al., 1994) , respectively. Tau-1 (Chemicon International, Temecula, CA) recognizes tau dephosphorylated at Ser-195, Ser-198, Ser-199, and Ser-202 (Szendrei et al., 1993) . Purified rabbit polyclonal anti-tau antibodies anti-tau pS199, pS262, pS356, pS400, and pS422 were purchased from Biosource International (Camarillo, CA). Anti-microtubuleassociated protein 2 (MAP2) antibody was kindly provided by Dr. Yasuo Ihara (Tokyo University, Tokyo, Japan). Changes in the expression and phosphorylation of tau kinases were investigated with the following antibodies: cyclin-dependent kinase 5 (cdk-5), p35C, calcium/calmodulindependent kinase II (CaMKII), phospho-CaMKII (Santa Cruz Biotechnology, Santa Cruz, CA); glycogen synthase kinase 3␤ (GSK-3␤) (BD Transduction Laboratories); anti-GSK-3␣/␤ [pY219/pY216] (Biosource International), phospho-GSK-3␤ (Ser9), stress-activated protein kinase (SAPK)/c-Jun N-terminal kinase (JNK), phospho-SAPK/JNK (T183/ Y185) G9, p44/42 mitogen-activated protein kinase (MAPK), phosphop44/42 MAPK (T202/Y204) (Cell Signaling Technology, Danvers, MA). Levels of protein phosphatases were analyzed with the following antibodies: protein phosphatase 1 (PP1) (E-9) and PP2A-A (H-300) from Santa Cruz Biotechnology; PP2B (calcineurin A) from R&D Systems (Minneapolis, MN); PP2A-C (7A6) from Upstate Biotechnology (Lake Placid, NY); PP2A B␣ and B␤ were described previously (Strack et al., 1998) . For A␤ precursor protein (APP) and A␤ analysis, the following antibodies were used: C1/6.1 anti-APP full-length and C-terminal fragments (CTFs) (Mathews et al., 2002 ) (generous gift from Dr. Paul Mathews, Nathan Kline Institute/New York University, Orangeburg, NY); and JRF/cA␤40 and JRF/cA␤42/26 (murine A␤1-40 and A␤1-42, respectively; generous gift from Dr. Sonia Jung, Centocor R&D, Radnor, PA).
Western blot analysis and ELISA
Membrane blocking and antibody incubations were performed as described previously (Planel et al., 2001) , with appropriate primary and secondary antibody dilutions. Anti-mouse and anti-rabbit HRPconjugated secondary antibodies were purchased from Jackson ImmunoResearch (West Grove, PA). Immunoreactive bands were visualized and analyzed by enhanced chemiluminescence reagent (SuperSignal West Pico or Femto; Pierce Biotechnology) using a Fujifilm LAS3000 imaging system and the Image Gauge Mac OS X software. Serial dilutions of brain extracts were loaded in gels to obtain calibration curves for reliable quantification. ELISAs for soluble murine A␤40 and A␤42 were performed as described previously, using diethyl acetate extracts from fresh hemibrains Schmidt et al., 2005) .
Immunohistochemistry
Tissue fixation was done according to the "cold Bouin's method" (Planel et al., 2004) . This procedure minimizes postmortem tau dephosphorylation in mice brains (our unpublished observations). Briefly, mice were killed by cervical dislocation, and the brain was quickly removed and immersed in ice-cold Bouin's solution (saturated picric acid, formalin, acetic acid at 15:5:1), for 24 h and then embedded in paraffin blocks. Eight-to 10-m-thick sections were processed for immunohistochemical analyses. Deparaffinized and hydrated sections were incubated in Target Retrieval Solution (DakoCytomation) at 70°C for 25 min for enhancement of the immunoreactivity, and then incubated in 10% normal goat serum in PBS at 4°C for 2 h. The specimens were incubated in primary antibodies diluted in 1% BSA in PBS containing 0.05% of Tween 20 overnight at 4°C. Bound antibodies were visualized with Alexa 488-conjugated anti-mouse or Alexa 568-conjugated anti-rabbit IgG (Invitrogen, Eugene, OR). Immunolabeled tissues were observed under an Olympus (Tokyo, Japan) BX50 microscope equipped with an Olympus DP50 digital CCD camera and the Studio Lite 1.0 software (Pixera Corporation, Tokyo, Japan).
Phosphatases activities
The effect of STZ injections on brain phosphatase activities was determined using three different assays.
Endogenous tau dephosphorylation assay. This assay was performed as described previously (Planel et al., 2007) . Briefly, control or 10 d STZtreated mice were killed by cervical dislocation, brains were immediately removed, and one hemisphere (hippocampus and neocortex) was homogenized in 5ϫ (v/w) phosphatase sample buffer [50 mM Tris-HCl, pH 7.5, 0.25 M sucrose, 10 mM 2-mercaptoethanol, 0.1 mM EDTA, 1 mM benzamidine, 1 mM PMSF, 10 l/ml protease inhibitor mixture P8340 Sigma)]. The supernatant was diluted 10ϫ in phosphatase assay buffer [50 mM Tris-HCl, pH 7.0, 0.1 mM EDTA, 5 mM DTT, 0.01% Brij 35, 1 mM PMSF, 10 l/ml protease inhibitor mixture P8340 (Sigma)], incubated at 37°C, and sampled at different intervals. Endogenous PHF-1 phosphorylation levels were monitored by Western blotting.
Phosphatase assay with synthetic peptide. To verify the results from the above phosphatase assay, we performed a PP2A assay using the Serine/ Threonine Phosphatase Assay System from Promega (Madison, WI) (V2460). Briefly, mice were killed by cervical dislocation, brain was immediately removed, and one hemisphere (hippocampus and neocortex) was homogenized in 5ϫ (v/w) phosphatase sample buffer and immediately processed as indicated by the manufacturer to remove particulate matter and endogenous free phosphate. For PP2A activity, 2.0 l of the resulting solution was prepared in duplicate, and the release of phosphate from a chemically synthesized phosphopeptide was assessed over a period of 10 min in PP2A buffer at 37°C (calibration data not shown). The amount of phosphate released was measured by the absorbance of the molybdate-malachite green-phosphate complex at 630 nm.
PP2A immunoprecipitation assay. We performed this assay with the PP2A Immunoprecipitation Phosphatase BioAssay kit from US Biological (Swampscott, MA), according to the manufacturer's instructions. Briefly, brain hemispheres were homogenized in 40ϫ (v/w) of 20 mM imidazole-HCl, pH 7.0, 2 mM EDTA, 2 mM EGTA, 1 mM PMSF, 10 l/ml protease inhibitor mixture P8340 (Sigma), and centrifuged at 2000 ϫ g for 5 min at 4°C. PP2A catalytic subunit was immunoprecipitated from the supernatant with a monoclonal antibody and protein A-agarose for 2 h at 4°C. The activity of the immunoprecipitated PP2A was assessed by the release of phosphate from a chemically synthesized phosphopeptide over a period of 10 min at 30°C. The amount of phosphate released was measured by the absorbance of the molybdate-malachite greenphosphate complex at 630 nm.
Statistical analysis
Except for Figure 10 A, in which a two-way ANOVA was performed, statistical analysis was performed by one-way ANOVA. Significant factors from the ANOVA ( p Ͻ 0.05) were followed by Dunnett's or TukeyKramer's post hoc tests. Data are means Ϯ SD. The asterisks indicate significant differences versus control as follows: *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
Results
Effect of diabetes on tau pathology
We first investigated whether STZ treatment influences tau pathology by investigating tau phosphorylation and solubility in animals sampled 10, 20, 30, and 40 d after one injection of STZ. There was a mild increase in tau phosphorylation at AT8 (pS202 and pT205) and PHF-1 (pS396 and pS404) epitopes in the total tau fraction at 10, 20, and 30 d ( Fig. 1 Aa,Ab), and a massive hyperphosphorylation after 40 d (Fig. 1 Aa), whereas phosphoindependent tau protein did not change ( Fig. 1 Ac) . Note that the AT8 immunoblots are overexposed to reveal the mild hyperphosphorylation during the first 30 d, and that the data at 40 d are not included in the statistical analysis because they are outside of the linear range. Tau levels and phosphorylation in the heat-stable fraction were more variable, but displayed the same trend of mild tau phosphorylation during the first 30 d, followed by massive hyperphosphorylation 40 d after STZ injection (Fig. 1 B) . Examination of the Sarkosyl-insoluble fraction did not reveal the presence of aggregated tau in the STZ-treated nontransgenic mice (Fig. 1C, lanes 1-15) . A transgenic hTau mouse hemibrain was extracted at the same time and used as positive control (Fig. 1C , lane 16), because these mice develop tau pathology in the cortex (Andorfer et al., 2003) . Thus, induction of diabetes in nontransgenic mice leads to a biphasic phosphorylation of tau, with a mild hyperphosphorylation for the first 30 d and a massive one after 40 d. However, aggregated tau was not observed in either phase.
Impact of diabetes on tau binding to microtubules
Tau is a microtubule-associated protein whose function is to bind an stabilize MTs, and tau binding to MTs is regulated by phosphorylation (Avila et al., 2004) . We therefore investigated the effect of diabetes on tau binding to MTs. Despite the mild tau hyperphosphorylation observed during the first 30 d after STZ injection, there was no change in tau binding to MTs (Fig. 2 A) . However, the massive tau hyperphosphorylation occurring at 40 d impaired tau binding to MTs, as revealed by ϳ40% less tau in the MT-bound fraction (Fig. 2 Ab) . There was also ϳ20% more tau in the MTfree fraction, but this increase did not reach significance. Equal loading of MTs was confirmed by examining the levels of ␣-tubulin in the different fractions (Fig.  2 B) . Thus, only the massive hyperphosphorylation observed at 40 d had a significant effect on tau binding to MTs.
Streptozotocin treatment induces tau hyperphosphorylation at multiple epitopes
Having shown that tau phosphorylation in response to STZ treatment was biphasic, with a mild hyperphosphorylation during the first 30 d and a massive one at 40 d, we concentrated additional analysis on one representative point of the first phase and one of the second phase: another set of mice was treated with STZ and sampled at 10 and 40 d after treatment. Tau phosphorylation was investigated by semiquantitative Western blot using an extensive panel of anti-tau antibodies. An increase of tau phosphorylation at the phospho-serine 199 (pS199) and PHF-1 (pS396 and pS404) epitopes was observed after 10 d, and at all the phospho-epitopes studied after 40 d (Fig. 3) . In fact, most of the epitopes investigated here were hyperphosphorylated after 10 d, but this is not visible in Figure 3 because the blots were exposed to be in the linear range for quantification of the results at 40 d. The hyperphosphorylation specific to STZ treatment after 10 d at Tau-1, AT8, and AT180 epitopes can be seen in Figures 1, 6 , and 7. Early phosphorylation at PS199 is particularly interesting because this epitope enables the visualization of early stages of tau pathology, even when aggregates of tau are not detectable by biochemical approaches (Maurage et al., 2003) . Furthermore, detection of PS199 in the CSF can be used in the antemortem diagnostic of AD (Itoh et al., 2001) . AT8 (pS202 and pT205) and pS422 epitopes were also highly phosphorylated. AT8 is considered an early marker of tau dysfunction, whereas pS422 is characteristic of abnormal, AD-like tau phosphorylation (Matsuo et al., 1994; Hasegawa et al., 1996; Bussiere et al., 1999) . Thus, STZ-induced insulin dysfunction can rapidly lead to a biochemical pattern of tau phosphorylation similar to that seen in early AD. The STZ-induced changes in tau phosphorylation appear to occur in two phases. First, a mild hyperphosphorylation as observed at 10 d (up to 300% increase), followed by a massive hyperphosphorylation at 40 d (Ͼ15,000% increase at some epitopes).
Hyperphosphorylated tau is limited to the neuropil and axons
We then examined the gross anatomical pattern of tau phosphorylation. There were no evident differences in the pattern of tau phosphorylation 10 d after STZ treatment (data not shown). At 40 d, tau was hyperphosphorylated at AT8 in most anterior areas, such as the neocortex and hippocampus (Fig. 4 A, B) . The pattern of total tau axonal (fimbria, alveus, and mossy fibers, for example) and neuropil staining was not altered after STZ treatment (Fig. 4C,D) . Immunostaining for pS199 (Fig. 4 E, F ) and PHF-1 (Fig. 4G,H ) epitopes was not visibly altered in response to STZ. These results confirm our Western blot data, which revealed large changes in tau phosphorylation at the AT8 epitope (Fig. 3Ac ,Bc) in response to 40 d of STZ, but smaller changes in phosphorylation at the PS199 and PHF-1 epitopes, which could already be observed in control animals (Fig. 3Ab ,Ag,Bb,Bg). In the hippocampus, hyperphosphorylated tau mainly localized in the neuropil and the axonal tracks of the fimbria, as demonstrated by double staining with AT8 and MAP2 antibodies (Fig. 4 I-N ) . In Figure 1 . Immunoblot analysis of tau solubility after streptozotocin treatment. Brain proteins (hippocampus and neocortex) from control mice and mice treated for 10, 20, 30, and 40 d were extracted according to a modified method of Greenberg and Davies (1990) . Tau from total brain lysates (A), heat-stable soluble (HS) (B), and Sarkosyl-insoluble fractions (C) were evaluated by immunoblot analysis with the following antibodies: AT8 (pS202/pT205), PHF-1 (pS396/pS404), and Tau (phospho-independent). The bar graphs represent the quantification of the immunoblot bands displayed above them. Each graph displays the immunoreactivity expressed as a percentage of the control (100%). The numbers in the graphs indicate the percentage of the tick line with which they are aligned. Data represented are means Ϯ SD (n ϭ 3 for each condition; 1 representative data displayed; each lane represents an individual mouse). The asterisks indicate significant differences from controls as follows: *p Ͻ 0.05 and **p Ͻ 0.01. the normal adult brain, tau is an axonal protein, whereas MAP2 is present in the soma and dendrites, but not in the axons. In contrast, tau is found in cell bodies and dendrites of affected neurons in AD. In diseased brains, tau-positive dystrophic axons are widespread and can be easily detected in the alveus and fimbria of the hippocampus (Su et al., 1993) . In fact, the earliest detectable hyperphosphorylated tau in AD is preferentially localized in neurites of vulnerable neurons before extending to the soma (Su et al., 1994) where NFTs are formed (Bancher et al., 1989; Braak et al., 1994; Trojanowski and Lee, 1994) . Thus, insulin dysfunction appears to induce axonal and neuropil tau hyperphosphorylation, reminiscent of incipient AD, but without observable somatodendritic relocalization.
Insulin dysfunction induces two types of tau hyperphosphorylation
We previously demonstrated that alterations of glucose metabolism can induce hypothermia leading to tau hyperphosphorylation (Planel et al., 2004) . Thus, we looked for a possible hypothermic effect of STZ and its correlation with tau hyperphosphorylation. The temperature of the mice was ϳ37.5 Ϯ 0.5°C for the first 26 d and began to drop nonsignificantly thereafter: 37.0 Ϯ 0.5°C at 28 d, and 36.8 Ϯ 0.7°C at 30 d. However, after 30 d, the drop in temperature was significant and reached 31.4 Ϯ 2.5°C at 40 d (Fig. 5A ). Hypothermia correlated with the massive phosphorylation of tau at 40 d (Figs. 1, 3 ), but not with the mild tau phosphorylation observed while the animals were still normothermic (Fig. 3, lanes 1 and 2, pS199 and PHF-1; Fig. 6, lanes 1-4, all the phospho-epitopes) . These temperature data were confirmed in the new batch of STZ-treated mice, which displayed hypothermia at 40 d but not at 10 d (Fig.  5B) . STZ-treated mice displayed hyperglycemia from 10 d onward after injection, with insulin below detection levels (Fig. 5B) . Thus, STZ treatment induced two types of tau hyperphosphorylation: one is probably consequent to hypothermia induced by DM; the other is possibly temperature-independent and specific to hypoinsulinemia.
We also injected young mice (6 weeks of age) with 150 mg/kg STZ, to confirm previously published data that young rodents tend to develop hypothermia very rapidly after injection of streptozotocin (Howarth et al., 2005) . Two days after STZ injection, the animals began to be significantly hypothermic (Ctl, 37.6 Ϯ 0.2°C; 2 d, 36.7 Ϯ 0.4°C; 3 d, 35.9 Ϯ 0.5°C), and by 10 d they reached 34.2 Ϯ 1.2°C, a temperature attained 38 d after STZ treatment in the adults (Fig. 5) . Hypothermia is a powerful regulator of tau phosphorylation, and a 1°C drop in body temperature can bring about a 100% increase of AT8 signal (Planel et al., 2007) . Thus, young animals are not suitable to discriminate the effect of hypoinsulinemia from hypothermia.
Prevention of hypothermia partially rescues tau hyperphosphorylation
To explore the role of temperature on tau phosphorylation in the 40-d-treated mice, we placed the STZ-treated animals at in a ventilated incubator at 37°C for 2 h before sampling. Animals incubated at 37°C had rectal temperature equivalent to the control group, did not became hyperthermic (data not shown). Tau hyperphosphorylation was partially, but not completely reversed, as can be seen in the overexposed blots of Figure 6 . It is important to note that, in other models of mouse hypothermia, placement of animals at 37°C completely rescues tau phosphorylation (Planel et al., 2004 (Planel et al., , 2007 . Thus, 40 d after STZ treatment, tau hyperphosphorylation can only be partially rescued by restoring normothermia, which suggest that the temperatureindependent, hypoinsulinemia-specific mild hyperphosphorylation observed at 10 d is still present after 40 d.
Insulin treatment prevents early tau hyperphosphorylation
Recently, direct injections of STZ in the brain have been shown to increase phospho-tau immunoreactivity (Lester-Coll et al., 2006; Grunblatt et al., 2007) , raising the possibility that our observations could be the consequence of infiltration of peripheral STZ in the brain, rather than an effect of peripheral insulin deficit per se. To exclude this possibility, we implanted subcutaneous insulin pumps in mice 3 d after STZ injection, and analyzed the brains 7 d later (for a total of 10 d STZ treatment). Our data show that insulin treatment totally blocked the mild tau hyperphosphorylation of all the epitopes studied (Fig. 7) . Thus, early and mild tau hyperphosphorylation in STZ-treated mice is a consequence of hypoinsulinemia rather than a direct effect of STZ on the brain. This is consistent with the fact that peripheral STZ does not impact directly on the brain because its transport and cytotoxicity are dependent on the GLUT-2 glucose transporter (Schnedl et al., 1994) , which is not expressed at the blood-brain barrier (Simpson et al., 1999) .
STZ-induced tau hyperphosphorylation is not attributable to kinase activation
We have presented evidence that shows STZ treatment can induce two types of overlapping tau hyperphosphorylation: a mild and early one, specific to insulin dysfunction, and a second one, robust, late, and consequent to hypothermia. We next investigated the molecular mechanisms underlying these two events. Among the kinases able to phosphorylate tau in vitro, GSK-3␤, cdk5, MAPK/ERK (extracellular signal-regulated kinase), and JNK are considered to be major physiological and pathological tau kinases (Maccioni et al., 2001; Planel et al., 2002; Zhu et al., 2002) . CaMKII is also thought to have a major role in regulating the phosphorylation of tau at epitopes that modulate the binding of tau to microtubules (Litersky et al., 1996; Sironi et al., 1998) . We explored the activation patterns of these five kinases with antibodies recognizing different activation state of the kinases. Phosphorylation of GSK-3␤ at Tyr216 facilitates substrate binding, whereas phosphorylation at Ser9 leads to partial inhibition. In the brain, cdk5 forms a heterodimer complex with the neuron specific activator, p35, or p35 cleaved product, p25. JNK and MAPK are activated by double phosphorylation at Thr183/Tyr185 and Thr202/Tyr204, respectively. CaMKII is activated by autophosphorylation at Thr286. No change at GSK-3␤ pY216 epitope was observed during experimentally induced diabetes (Fig. 8 Aa,Ba), but a significant increase of pS9 phosphorylation could be detected 40 d but not 10 d after treatment (Fig. 8 Ab,Bb). CaMKII was highly phosphorylated at its activation site from 10 d onward (Fig. 8 Ad,Bc), and a slight but significant CaMKII increase could be detected (Fig. 8 Ae) . Activation of JNK could be detected after 40 d but not after 10 d (Fig. 8 Af,Bd), and MAPK was not significantly activated during the treatment (Fig. 8 Ah,Be). There were no significant changes in either total GSK-3␤ (Fig. 8 Ac), total JNK (Fig.  8 Af ), or total MAPK (Fig. 8 Ai) . There were no significant changes in cdk5 and p35 after STZ treatment (Fig. 8 Aj,Ak,Bf,Bg), and there was no detectable p25. Thus, CaMKII was the only kinase to be activated 10 d after treatment. These results confirm and extend previous observations of elevated CaMKII activity and expression in STZ-treated rat brains (Bhardwaj and Kaur, 1999) . However, there was no specific hyperphosphorylation of tau at CaMKII epitopes (pS262 and pS356) independently of other epitopes (Fig. 3Ae,Af, lanes 1 and 2) , suggesting that CaMKII overactivation does not have a direct impact on tau phosphorylation during STZ treatment. Nevertheless, we cannot rule out that elevation of CaMKII activation could have an indirect effect on tau by affecting the activity of other kinases or phosphatases. The elevation of GSK-3␤ S9 inhibitory and of JNK activating phosphorylation at 40 d can be attributed to hypothermia, because JNK and GSK-3␤ S9 phosphorylation are a constant feature of hypothermia in mouse brain during metabolic stress (Planel et al., 2004) or anesthesia (Planel et al., 2007) . Thus, specific kinase overactivation is probably not the primary mechanism leading to tau hyperphosphorylation at either 10 or 40 d after STZ treatment.
PP2A subunits change during diabetes
Because our results failed to adequately explain the extent of tau hyperphosphorylation specific to insulin dysfunction in terms of kinases activation, we next examined the levels and activities of tau Ser/Thr PPs. PPs are classified into four types, PP1, PP2A, PP2B, and PP2C, on the basis of their substrate specificities and sensitivity to specific activators and inhibitors (Cohen, 1989) . We looked first at levels of PP1, PP2A, and PP2B (calcineurin), because biochemical studies have demonstrated that they can dephosphorylate, whereas PP2C cannot (Gong et al., 1994; Tian and Wang, 2002) . PP1 and PP2B catalytic subunit levels did not change during the course of the experiment (Fig. 9Aa ,Ac,Ba,Bc). However, PP2A C catalytic subunit showed a significant increase from 10 d of STZ treatment onward (Fig. 9Ab,Bb) . PP2A is a heterotrimeric holoenzyme consisting of a core dimer composed of a 36 kDa catalytic subunit (C) tightly bound with the scaffolding 65 kDa subunit termed PR65 or A. This core dimer associates with a variable regulatory B subunit. To date, four B subunit have been described: B, BЈ, BЉ, and Bٞ (Janssens and Goris, 2001) . PP2A holoenzymes containing a PR55/B family member have been shown to bind and dephosphorylate tau with high efficiency (Goedert et al., 1992; Sontag et al., 1999) . Of the four members of the B family, only B␥ and B␤ are brain specific (Strack et al., 1998) , and only trimeric forms of PP2A containing the B␣ or B␤ subunits associate with neural microtubules (Price et al., 1999) . Expression of the A scaffolding subunit did not change during the treatment (Fig. 9Af,Bf ) ; however, B␣ was transiently upregulated 10 d after injection (Fig. 9Ad,Bd) . Although B␤ total levels did not change during the experiment, the upper band increased, whereas the primary lower molecular weight band decreased 4) induced a robust tau hyperphosphorylation at all the epitopes studied when compared with controls (lanes 1 and 2) . Restoring normothermia by placing the animals 1 h at 37°C only partially rescued tau hyperphosphorylation (lanes 5 and 6). Each lane represents an individual mouse. Most of represented blots were overexposed to be able to visualize tau phosphorylation in lanes 5 and 6.
( Fig. 9Ae,Be) . Thus only changes in the C and B␤ subunits of PP2A inversely correlate with tau phosphorylation during hypoinsulinemia.
PP2A is inhibited during STZ treatment
We previously demonstrated that hypothermia induces tau hyperphosphorylation by direct inhibition of PP2A (Planel et al., 2004) . Because tau hyperphosphorylation 40 d after STZ injection is mainly attributable to hypothermia (Fig. 5) , we focused on examining the mechanism of tau hyperphosphorylation at 10 d, when there is no overlapping inhibition of PP2A activity by temperature. To determine whether the changes in the subunits of PP2A were associated with the inhibition of the enzyme, we performed a phosphatase assay using brain lysates and endogenous brain tau as a substrate. Specifically, we monitored the dephosphorylation of the PHF-1 epitope at 10 d after STZ injection. We previously demonstrated that, in these conditions, PHF-1 dephosphorylation is mainly attributable to endogenous PP2A activity (Planel et al., 2007) . Brain extracts from 10-d-injected mice (Fig. 10 A) (decay rate constant, 3.87 min; R 2 ϭ 0.997) showed a significant reduction ( p Ͻ 0.0001) in tau dephosphorylation compared with controls ( Fig. 10 A) (decay rate constant, 6.48 min; R 2 ϭ 0.992), suggesting that PP2A is inhibited during STZinduced diabetes. To verify this endogenous dephosphorylation assay, we performed the same experiment with a commercially available PP2A assay system, and included STZ-treated mice implanted with insulin pumps, as described above. This assay revealed a ϳ15% decrease in brain PP2A activity during STZinduced diabetes, but no significant change in insulin-competent animals (Fig. 10 B) . Lastly, we performed an immunoprecipitation (IP) assay of PP2A in the samples at 10, 20, 30, and 40 d after STZ injection. This IP assay had more variability than the two previous ones, but revealed a ϳ30% inhibition of PP2A after induction of diabetes (Fig. 10C) . The differences between the two assays are probably attributable to the different protocols. No additional inhibition of PP2A at 40 d was detected by this assay because the inhibition of phosphatase by temperature at 40 d after STZ treatment is caused by a direct effect of hypothermia on enzyme activities in the brain, and is therefore not detectable by an assay performed at constant temperature for all the samples (Planel et al., 2004 (Planel et al., , 2007 . Thus, PP2A inhibition occurs early during STZ treatment, is attributable to hypoinsulinemia, and might be responsible for the increased levels of hyperphosphorylated tau observed 10 d after injection.
APP and A␤ are not affected by STZ treatment
Previous data have shown that diet-induced insulin resistance promotes A␤ 1-40 and A␤ 1-42 peptide generation in a transgenic mouse model of ␤-amyloidosis (Ho et al., 2004 ). In addition, other studies suggest that insulin can modulate A␤ levels (Gasparini et al., 2002; Hoyer, 2004) , which is known to influence tau phosphorylation (Blurton-Jones and Laferla, 2006). We therefore examined the possibility of change in APP metabolism and A␤ levels in STZ-treated mice, because it could be a plausible mechanism for the mild tau hyperphosphorylation observed. No change was observed in either APP, APP C-terminal fragments, or A␤ levels after 10 d of hypoinsulinemia (Fig. 11 A-C) , suggesting no association between A␤ and the mild and early tau hyperphosphorylation after STZ injection.
Discussion
We investigated the in vivo relationship between insulin dysfunction and tau phosphorylation. Our results indicate that STZinduced insulin deficiency rapidly leads to a biochemical and histochemical pattern of tau phosphorylation similar to that seen in early AD, with hyperphosphorylation of tau at multiple epitopes seen in the neuropil and axonal tracks. Our data suggest that tau hyperphosphorylation during diabetes is likely a result of PP2A inhibition.
Hypothermia is a common outcome in both human (Neil et al., 1986; Scott et al., 1987) and experimental diabetes (Shalaby et al., 1989; Williams, 1996, 1998) . In STZ-induced DM, the occurrence of hypothermia has generally been associated with numerous abnormalities such as decrease in nonshivering thermogenesis (Seydoux et al., 1983) , lack of shivering (Kilgour and Williams, 1996) , and the inability to use carbohydrates for heat production (Smith and Davidson, 1982) . These abnormalities develop over time and, whereas at 10 -30 d after STZ injection the animals were still able to maintain normothermia and had mild tau hyperphosphorylation, by 40 d they were fully hypothermic and had massive tau phosphorylation. This massive hyperphosphorylation was mostly, but not completely, rescued by returning the animals to normothermia, demonstrating that it is mainly attributable to hypothermia and not just correlative to it. However, insulin treatment of diabetic animals completely restored tau phosphorylation to control levels, demonstrating that the mild hyperphosphorylation was attributable to the lack of insulin. In light of our previous results demonstrating that hypothermia induces tau hyperphosphorylation that is completely reversible by normothermia (Planel et al., 2004 (Planel et al., , 2007 , our data indicate that there are probably two distinct and overlapping tau hyperphosphorylation events during DM. One is mild, temperature independent, hypoinsulinemia dependent, and observed for the whole duration of diabetes. The other is massive and consequent to hypothermia and overlaps the first type in the later stage of STZ-induced DM. These results confirm and extend previous studies reporting tau hyperphosphorylation after STZ treatment in mice (Zhao et al., 2003; Clodfelder-Miller et al., 2006) .
Our data show that insulin treatment totally prevented hyperphosphorylation, thus demonstrating that changes in tau phos- phorylation are attributable to hypoinsulinemia. STZ-induced DM leads to lower brain insulin content, and insulin has been shown to downregulate tau phosphorylation in neuronal cells (Hong and Lee, 1997; Lesort et al., 1999) . Thus, it is possible that the early and mild tau hyperphosphorylation in STZ-treated mice is a consequence of reduced insulin signaling in the brain. This interpretation is further strengthened by observations of hyperphosphorylated tau in mice models of insulin dysfunction (Schubert et al., 2003 (Schubert et al., , 2004 Schechter et al., 2005) .
Our results suggest that inhibition of PP2A by low temperature is probably the cause of the late, hypothermia-induced hyperphosphorylation of tau, because we already demonstrated that hypothermia leads to direct inhibition of PP2A (Planel et al., 2004 (Planel et al., , 2007 . The changes in PP2A subunits (C and B␤) as early as 10 d after treatment suggested an involvement of PP2A in the early hyperphosphorylation of tau, and indeed PP2A activity was inhibited during the early STZinduced insulin dysfunction. Although seemingly counterintuitive, the increase of the C catalytic subunit along with a decrease in activity could be explained by the potent autoregulatory mechanism that adjusts PP2A C levels according to PP2A activity, in which inhibition of PP2A leads to the accumulation of the C subunit, either in vitro or in vivo (Baharians and Schonthal, 1998; Planel et al., 2001) . Alternatively, posttranslational modifications of PP2A C could have altered the affinity of the antibody used for detection. The meaning of the shift in B␤ banding pattern is less clear, but it is interesting to note that the B␤ subunit associates with neural microtubules (Price et al., 1999) . It is therefore possible that posttranslational changes in B␤ could regulate PP2A activity toward tau associated with microtubules during insulin dysfunction. Additional studies are needed to address these possibilities. Our results do not exclude inhibition of other phosphatases during STZ treatment, but among all three phosphatases that were confirmed to be able to dephosphorylate tau, numerous evidence indicates that PP2A is likely to be the major tau phosphatase in vivo (Gong et al., 2000; Planel et al., 2001 Planel et al., , 2004 Planel et al., , 2007 . Globally, our results indicate that there is probably two distinct, but overlapping mechanisms of tau hyperphosphorylation in STZtreated mice. One is early and temperature-independent and seems to be related to changes in the PP2A B␤ regulatory subunit during insulin deficiency. The other is induced by the direct effect of hypothermia on PP2A activity and is observed only in the later stage of DM (Fig.  12) .
It should be noted that in vivo tau hyperphosphorylation can be induced by basal kinases activity, although they are inhibited or not activated, simply by a shift in phosphorylation equilibrium as a result of phosphatase inhibition (Planel et al., 2001 (Planel et al., , 2007 . In other words, inhibiting PP2A is like activating all the tau kinases together because PP2A dephosphorylates all the known tau epitopes, whereas each kinase is specific for only a set of given epitopes .
Inhibition of PP2A might not be the only factor contributing to tau hyperphosphorylation during DM. For example, diabetes can affect protein glycosylation (Williams et al., 1982) , and glycosylation has been shown to modulate tau phosphorylation (Liu et al., 2004) . Although PP2A inhibition is likely to be the main factor leading to hyperphosphorylation after STZ treatment, additional studies will be necessary to dissect out all the other contributing factors.
Many longitudinal population-based studies have detected The asterisks indicate significant differences as follows: *p Ͻ 0.05 and **p Ͻ 0.01.
higher AD incidence rates in type 2 DM patients (Leibson et al., 1997; Ott et al., 1999; Peila et al., 2002; Arvanitakis et al., 2004; Luchsinger et al., 2005) . Type 2 DM, the most common in adults and in the elderly, is preceded in most individuals by insulin resistance and hyperinsulinemia to maintain glucose homeostasis (Festa et al., 2006) . Over time, the pancreas becomes unable to produce enough insulin to overcome the resistance; the ␤-cells burnout and insulin production decreases dramatically, causing full-blown diabetes (DeFronzo, 2004) . Interestingly, at least two longitudinal studies found that diabetic patients who required treatment with insulin replacement, presumably those with the lowest pancreatic insulin production, had the highest risk of AD compared with persons using oral medications and those without diabetes (Ott et al., 1999; Luchsinger et al., 2001) . Thus, although STZ-induced diabetes is not a model of early type 2 DM, it addresses mechanisms related to the low insulin levels that accompany type 2 DM in the end of its natural history. Here, we demonstrated that STZ-induced insulin dysfunction led to AD-like tau hyperphosphorylation induced by inhibition of PP2A. In AD, decreased PP2A expression (Vogelsberg-Ragaglia et al., 2001) along with upregulation of its inhibitors (Tanimukai et al., 2005) , results in overall inhibition of its activity (Gong et al., 1993 (Gong et al., , 1995 , which might be an important factor in the evolution of the pathology (Tian and Wang, 2002) . Thus, during insulin dysfunction, inhibition of PP2A and the consequent tau hyperphospho- Figure 9 . Effect of streptozotocin on phosphatases levels. A, Proteins from mouse brain hemispheres (hippocampus plus cortex) were separated by SDS-PAGE and identified with the antibodies indicated at the bottom of the boxes. PP1 C, PP2A C, and PP2B C detect the catalytic subunits of PP1, PP2A, and PP2B, respectively. PP2A B␣ and B␤ detect B␣ and B␤ regulatory subunits of PP2A, and PP2A A detects anchoring subunits. For each antibody, one representative data of four for each condition (1, Ctl, control; 2, 10d., or 3, 40d., 10 or 40 d after STZ injection) are displayed in the top part of the boxes. Each lane represents an individual mouse. B, The graphs show the quantification of the bands (n ϭ 4). The immunoreactivity is expressed as a percentage of the control treatment (100%, first column). The numbers in the graphs indicate the percentage of the line with which they are aligned. Data are means Ϯ SD. The asterisks indicate significant differences as follows: *p Ͻ 0.05 and **p Ͻ 0.01. Figure 10 . Effect of streptozotocin treatment on phosphatase activity. A, Phosphatase activity was evaluated by endogenous tau dephosphorylation followed by Western blot analysis (n ϭ 3). Tau from control brains (solid squares, solid line) was dephosphorylated faster than tau from animals treated with STZ after 10 d (solid circles, dotted line). B, To confirm this result, PP2A activity was evaluated with the PP2A Assay System from Promega. Similarly to the endogenous assay, PP2A activity was inhibited in 10 d STZ-treated mice (n ϭ 3). Implantation of subcutaneous pumps delivering 0.75 U/d insulin in STZ-treated mice restored PP2A activity to control levels. C, Immunoprecipitation assay of PP2A after STZ treatment. PP2A presented similar level of inhibition at 10, 20, 30, and 40 d after injection. Data are means Ϯ SD. The asterisks indicate significant differences as follows: *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
rylation might interact with biological or genetic susceptibilities to increase the vulnerability of the brain to insults associated with AD. PP2A inhibition may not be a direct consequence of insulin depletion; but the outcome of this (either directly or indirectly) is tau hyperphosphorylation that is potentially of significance for AD, which is relevant regardless of the intermediate steps. It is unclear whether the high insulin levels that precede full-blown diabetes has a role in the relationship observed between diabetes and AD, and this needs to be taken into account for future studies (Luchsinger and Mayeux, 2007) . In AD, the hyperphosphorylation of tau by the deregulation of kinases and/or phosphatases has been proposed to lead to tau aggregation and prevent tau binding to MTs, thereby destabilizing the MT network (Alonso et al., 1994; Feinstein and Wilson, 2005; Mi and Johnson, 2006) . Hyperphosphorylation of human tau induces MT disruption (Ebneth et al., 1999) , as well as tau aggregation in vitro (Alonso et al., 2001; Sato et al., 2002) . Here, despite sustained mild hyperphosphorylation of tau for 30 d and massive late hyperphosphorylation, we could not detect aggregated tau in mice, and tau binding to MTs was affected only at 40 d after STZ treatment. The differences in sequence and isoform composition between human and mouse tau (Janke et al., 1999) , cannot explain the lack of tau aggregates in nontransgenic mice, because rodent tau can form PHFs as readily as human tau after being hyperphosphorylated in vitro (Chohan et al., 2005) . Thus, absence of aggregates could be attributable to insufficient levels of total tau phosphorylation in the STZ model, or to insufficient levels of phosphorylation at epitopes promoting aggregation. What remain to be determined is how much impact diabetes can have on tau pathogenesis. Examination of the development of tau pathology in diabetic transgenic animal models expressing mutant tau that assemble at considerably lower levels of phosphorylation than normal tau (Alonso et al., 2004) , may be able to address this question. Putative mechanism of tau hyperphosphorylation during insulin dysfunction. Injection of STZ induces immediate decrease of pancreatic insulin secretion and results in insulin-dependent diabetes mellitus. During the early phase of DM, when the adult mice are still normothermic, PP2A is inhibited, presumably through changes in the B␤ regulatory subunit, which leads to a mild hyperphosphorylation of tau specific to insulin deficiency, as demonstrated in Figures 7 and 10 . In the later phase of DM, deficits in peripheral glucose/energy metabolism lead to hypothermia. This leads to a direct inhibition of PP2A activity by low temperatures, resulting in massive hyperphosphorylation of tau not specific to hypoinsulinemia. The early and mild tau hyperphosphorylation is still present at this stage, but is masked by the effects of hypothermia, as demonstrated in Figure 6 .
